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Methods
We examined the association of maternal age at first birth with preterm birth (<37 weeks gestation) and small for gestational age (SGA) in a cohort of 264 695 Danish women, each of which had at least one sister in the cohort (n ¼ 121 859 sibling groups). We compared cohort analyses with sister-controlled analyses. The sister-controlled analyses control for all observed and unobserved characteristics that are identical or very similar between sisters, such as childhood socio-economic characteristics-a confounder we hypothesized would exaggerate the young maternal age-adverse outcomes association but mask the older maternal age-adverse outcome association.
Results
There was a U-shaped association of maternal age with risk of preterm birth (lowest risk age 24-30 years) and SGA (lowest risk age 26-30 years) in cohort analyses. In analyses with sister control, there was a J-shaped association of maternal age with preterm birth, with a monotonic increase in risk across the maternal age range from 24 years of maternal age. For SGA, risk increased across the age range in sister-controlled analyses, being lowest at age 15 years and highest at age 45 years (thought with wide confidence intervals at the extremes of the age distribution).
Introduction
A number of studies have found that infants of mothers who are teenagers during their pregnancy have lower birthweight, a greater risk of intrauterine growth restriction, preterm delivery and other adverse outcomes. [1] [2] [3] The mechanisms underlying these associations are unclear. One suggestion is that they are related to an imbalance between the competing nutritional needs of the mother and offspring, particularly when the mother is gynaecologically immature and still developing and growing. [4] [5] [6] [7] Others have argued that these associations are explained by the strong association of socio-economic position with both having a baby as a teenager and adverse perinatal outcomes. [8] [9] [10] [11] [12] While concerns about adverse perinatal outcomes for young mothers have been the focus of public health policy in many countries over the last 2-3 decades, 12 recently concern has also shifted towards possible adverse outcomes for older mothers. 13 The number of first and later births to women aged 530 years has increased over the past 20 years in many developed countries [14] [15] and greater maternal age is also associated with adverse perinatal outcomes. [16] [17] [18] [19] It has been suggested that older age is related to these adverse outcomes through biomedical mechanisms, because at older ages, in addition to ageing oocytes, women are more likely to have pre-existing diseases, reduced cardiovascular reserve and, as a consequence, greater difficulty with sustaining the pregnancy after successful implantation. 13, 16, [18] [19] [20] Some of the adverse consequences associated with greater maternal age might also be related to greater use of infertility treatments amongst this age group. 18 At older maternal ages socio-economic position might actually counteract a biological disadvantage, and, as such, mask a stronger biological or maternal health-related effect of greater maternal age with adverse outcomes. 13 One approach to controlling for socio-economic position, and other familial characteristics that are shared by siblings, that has been widely utilized in the social sciences, 21 and is increasingly used in lifecourse epidemiology, 8, [22] [23] [24] is to compare associations within sibships. Comparing outcome differences in relation to discordant exposure levels within sibships is in effect 'matching' on shared family characteristics (including childhood socio-economic position), whether these are measured or not in a study. 22 As such, a within sibship analysis provides a stronger means of controlling for childhood socio-economic position (and other shared family characteristics) than multivariable adjustment, particularly where studies only have one or two indicators of socioeconomic position, which are unlikely to fully capture potential confounding by socio-economic background. 22 This approach has also been proposed in the statistical literature, with Begg and Parides demonstrating how within-sibling analyses can be used to determine the extent to which associations of birthweight with childhood intelligence quotient might be explained by confounding due to socio-economic position. 25 To our knowledge, only one study has used such an approach to explore whether associations of maternal age with perinatal outcomes are likely to be explained by socio-economic position. 8 Geronimus and Korenman compared pregnancy, perinatal and infant outcomes for the firstborn offspring of siblings, one of whom had her firstborn when aged 419 years with the other sister(s) having their firstborn after the age of 19 years. Within-sibship comparisons in that study suggested that the associations of being a teen mother with having a low birthweight baby, smoking during pregnancy, lower antenatal care attendance and lower breastfeeding rates might be explained by residual confounding due to characteristics that are shared by sisters; in particular; the authors emphasized the likely role of socio-economic position. 8 Associations with preterm birth were not examined in that study. This is an important limitation because preterm birth is related to adverse outcomes both in the short and longer term. 24, [26] [27] [28] Furthermore, we are not aware of any study examining whether associations of greater maternal age with adverse pregnancy outcomes are stronger following control in a sibling analysis for childhood socio-economic position and other characteristics shared by sisters.
The aim of this study was to examine the associations of maternal age-across the whole distribution-with preterm birth and small for gestational age (SGA) and to compare these associations when examined in conventional cohort approaches and when within-sister control is undertaken to account for measured and unmeasured childhood socioeconomic position and other shared family characteristics. We hypothesized that in the cohort analyses there would be a U-shaped association between maternal age and adverse perinatal outcomes, but with control for characteristics that were shared by sisters the increased risk younger age would attenuate and the increased risk at older age would strengthen. This is because we hypothesized that associations of younger age with adverse perinatal outcomes are exaggerated by socio-economic position confounding, because women from lower socio-economic backgrounds are more likely to have their first child at a young age, and lower socio-economic position is related to adverse perinatal outcomes, 12 whereas those at older age they are masked by socio-economic position confounding, because higher socio-economic position is associated with having a first child at an older age. 13 
Methods

Participants
We used record linkage data for the Danish population. Since 1 April 1968, the civil registration system in Denmark has assigned an individual, unique registration number to all citizens. The number allows accurate linkage of information from different registers. Figure 1 shows the construction of the cohort used in the analyses presented here. For the current study, we wanted to generate a cohort of women and their firstborn infants, such that amongst the women each had at least one sister in the cohort. We used the Danish Medical Birth Registry, which covers the whole of Denmark, to identify all births of a firstborn child between 1979 and 2007. We only considered first births since birth size and gestational age (GA) are influenced by parity and young maternal age is most commonly associated with first birth. By only including first births we are making a fair comparison between sisters who give birth at different ages. We excluded from our analysis cohort all women whose first pregnancy was a multiple pregnancy. We determined which women were sisters by using the National Population Register, which has a link between parents (both mothers and fathers) and children. For mothers in our main cohort who were born outside of Denmark it was not possible to ascertain that they were sisters since the register did not have a link to their mothers. These women were therefore excluded, as were other women who could not be linked to their mother for unknown reasons. Between 1979 and 2007, there were 803 715 nulliparous women who gave birth to their first live-born singleton in Denmark (our eligible cohort). Of these, 97 722 (12%) were excluded because their mothers were not verifiably born in Denmark, 40 816 (5%) were excluded because the women could not be linked with their mothers and 22 198 (3%) because they had some missing or implausible information on birthweight or GA. Implausible values of birthweight for GA were defined using the expert opinion criteria of Alexander et al. 28 Of the remaining 642 979 women 264 695 (41%) had at least one sister in the cohort. These 264 695 women form the analysis set for our main analyses. Of these 264 695 women, 240 078 (91%) were full sisters (identical father and mother) within their sister group; 17 390 (6%) were half sisters (identical mother, different father) and for 7227 (3%) it was not possible to ascertain whether they were full or half sisters because one or more within the sister group had a father who was not identifiable in the dataset. Results were the same if the 9% of women who were half-sisters or of unknown status were removed.
Information on date of birth of the women and her firstborn child, as well as birthweight (in grams) and GA (in completed weeks) of that child was obtained from the Danish Medical Birth Registry. In these routine data sources, GA and birthweight are obtained from the birth record and will have been determined by clinical practice. Over the period covered by our dataset birthweight will have been measured on labour ward scales shortly after birth. GA will have been estimated using data in the medical records (last menstrual period, regularity of menstrual cycles before pregnancy and results of an early dating ultrasound scans where these are available), together with the appearance of the infant at birth. Early dating ultrasound scans were introduced during the 1980s in Denmark but were only in widespread use (offered to all pregnant women) from 2000. Information on marital status (married/cohabitating vs not) came from the Population Registry at Statistics Denmark. We defined preterm birth <37 completed weeks and SGA as <10th percentile of GA, according to year of birth, and sex. Maternal age (in years) was calculated to reflect the woman's age at the 40th completed No sister in population n = 378284 Figure 1 Flow diagram describing those included as study participants. Note: numbers refer to women (after exclusion of multiple births numbers refer to women and offspring; these two being the same). Women carrying multiple births in their first pregnancy are excluded from all analyses week of gestation of the offspring (irrespective of the GA of her offspring at birth) in our main analyses.
Statistical analyses
We compared distributions of maternal characteristics between those who were excluded because we were unable to link them with their mother's data and thus identify whether they had sisters in the cohort. Supplementary Web- Table 1 (available as Supplementary Data at IJE online) presents the results of these comparisons. The main difference between those women who could not be linked to their mothers compared with those who could was that they were more likely to have been giving birth to their infant between 1978 and 1986 than in later years. This difference was expected, as the link between parents and offspring in the Danish Population Register is incomplete for offspring born before 1968. Related to this difference in birth year those who were excluded were older and had lower birthweight infants.
We also compared distributions of maternal characteristics for all those who were linked to their mothers between those who had at least one sister in the cohort and those who were excluded from our main analyses because they had no sisters in the cohort (see 'Results' section).
In our main analyses, we only included women who had at least one sister in the cohort. We analysed the association between maternal age and both preterm and SGA birth using Cox proportional hazards regression with GA as the underlying time variable. All ongoing pregnancies were censored at a GA of 37 completed weeks in the analyses of preterm birth. The proportional hazards assumption was assessed graphically by plotting the scaled Schoenfeldt residuals against GA for each covariable, 30 and there was no evidence of violation of this assumption.
For each outcome, we ran two Cox regressions: (i) a cohort analysis where the robust sandwich variance estimator was used to take account of the non-independence between siblings; and (ii) a sister-control analysis, where mothers who experience an event at a given GA were compared with their sister(s) who were still pregnant at the given GA. The sister-control analysis follows the method of Holt and Prentice, which is commonly used in twinand nested case-control studies. 31 In the sister-control analyses, the baseline hazard is fixed for each group of sisters and can vary freely between groups of sisters. Thus, this analysis compares the association of maternal age with risk of outcome by examining discordance in maternal age within sister groups and relating these to differences in outcome. Any association in this analysis cannot be explained (confounded by) characteristics that are shared by sisters.
Previous studies suggest a non-linear association between maternal age and adverse perinatal outcomes with increased risk at both younger and older ages. In order to allow for a non-linear effect of maternal age on the outcomes we modelled the association between the maternal age and the outcomes using penalized b-splines. The same approach was used to model the effect of year of birth and therefore control for this. Penalized b-splines are constructed by first fitting cubic regression splines at a large number of knots. This initial model is then reduced by placing a penalty on the difference in coefficients of adjacent splines. 32, 33 The size of this penalty and the resulting degree of smoothing can be selected in different ways. We present results from a model with four fixed degrees of freedom. Since the data set is large and high-powered, we wanted to put a strong penalty curvature on to avoid overfitting. Also, to be able to conduct a meaningful comparison of the two sets of analyses-cohort and sister control-we wanted to constrain the model so that the degrees of freedom were similar in the two sets of analyses. To test if the choice of four degrees of freedom was appropriate, we compared this model to a series of models where we increased the degrees of freedom up until the degrees of freedom that were selected when the Akaike Information Criterion (AIC) was used to determine the best fit of the data. This AIC approach selected models with substantially higher degrees of freedom (8-12 degrees of freedom), particularly in the cohort analyses where power is higher than in the sister-controlled analyses. However, increasing the degrees of freedom beyond four did not change the overall pattern, but increased the local curvature particularly where data were sparse (i.e. <16 and 440 years of age). The figures with these higher degrees of freedom are shown in Supplementary Web Figures  1 and 2 (available as Supplementary Data at IJE online). Since the resulting analyses produce non-linear smoothed associations these are presented as figures rather than a large series of regression coefficients. We present the figures with both the cohort analysis and sisters-control analysis, together with 95% confidence levels for each on the same graph so that the two sets of analyses can be compared. We also overlay the histogram for the distribution of maternal age in our population on the figure so that it is possible to see the proportion of women contributing to the analyses in each age group.
Results
Of the 264 695 women with at least one sibling in the cohort 206 962 had one sister in the cohort and 57 733 had two or more. Table 1 compares characteristics of these 264 695 women with at least one sister to the 378 284 women who are excluded from the main analyses because they have no sister in the cohort. Distributions of maternal age, birthweight, GA, SGA and sex of the infant were very similar between women with a sister in the cohort and those excluded because they had no sister in the cohort. Women with no sister in the cohort were more likely to have given birth to their first infant in recent years (2001-07) than those with a sister in the cohort.
For further comparison with our main analyses that includes only women with at least one sister giving birth to their firstborn during the study period, we examined birth characteristics in all women irrespective of whether they had a sister in the cohort or not. Supplementary Table 2 (available as Supplementary Data at IJE online) shows distributions of birth characteristics by maternal age in all 642 979 women who could be linked to their mothers and for whom there was no missing data or implausible values (i.e. irrespective of whether there was a sister in the cohort or not). In these analyses on the whole cohort there was evidence of a U-shaped association between maternal age and preterm (<37 weeks) and SGA prevalence. Preterm birth was lowest, at 5%, among women aged 20-29 years and was highest in women aged 535 years (7%). SGA was lowest among women aged 25-29 years (9%) and highest amongst those aged 540 years (15%). These U-shaped associations are similar to the cohort analyses restricted to women who have a sister in the cohort presented below. Very preterm birth (<33 weeks) was uncommon with no evidence that its prevalence (1%) differed by maternal age. Table 2 shows the discordances between maternal age and perinatal outcomes between sisters. Most sisters were within 10 years of each other's age at the birth of their first baby, with similar proportions across age difference categories up to 6-10 years difference. Fifty-six per cent of sisters had between 0 and 1 week difference in GA of their firstborn baby. Ten per cent were discordant for whether their firstborn baby was preterm (<37 weeks) or not. Discordance in SGA was more common with 17% of sisters being discordant for this outcome. Figure 2 shows the comparison of the cohort analyses and the sister-control analyses for the association of maternal age with preterm birth in the 264 701 women with at least one sibling in the cohort. In the whole cohort there is a U-shaped association between maternal age and preterm birth, with lowest risk in women aged 24-30 years at the time of the birth of their first child and increasing risk outside of that range in both younger and older age groups. By comparison the sister-control analysis shows a J-shaped association with lowest risk in those aged 20-24 years and a slightly elevated risk of preterm birth in women aged <20 years, though with wide confidence intervals at these younger ages, which include the null value of 1. From maternal age 25 years, in the sibling control analyses, there is a monotonic increase in risk of preterm birth with each additional year of age. The gradient of greater risk with increased age in the sister-control analyses is steeper than that in the cohort analyses. Figure 3 shows the comparison of the cohort analyses and the sister-control analyses for the association of maternal age with SGA. In the whole cohort there is a U-shaped association between maternal age and SGA with lowest risk in those aged 26-30 years and similar symmetrical increases in risk at younger and older ages. By comparison, in the sister-control analysis there is an almost monotonic increase in risk across all age categories with lowest risk of SGA in the youngest aged women and highest in the oldest. There is some levelling of risk between age 22 and 26 years with risk dropping in those <22 years of age in these analyses and increasing with each additional year of maternal age 426 years of age. The gradient of greater risk with increased age in the sister-control analyses was greater than that in the cohort analyses, though 435 years of age the confidence intervals for the two overlap.
Discussion
Consistent with previous studies, our conventional cohort analyses showed that having a firstborn child at both younger and older maternal ages is associated with increased risk of preterm and SGA birth. Indeed, there was a U-shaped association between maternal age and these outcomes such that risk of preterm birth was lowest in women aged 24-30 years and risk of SGA was lowest in women aged 26-30 years in our study. Even in these conventional analyses, risk then increased similarly and monotonically with decreasing younger age and increasing older age outside of the optimal ranges. These findings highlight that adverse perinatal outcomes are common in both younger and older mothers. We hypothesized that in sister-controlled analyses (where characteristics that are identical or very (8) 7689 (7) 4980 (8) 6 4 ÁGA 6399 (4) 3882 (6) 2517 (7) Discordance in SGA (10) 9814 (9) 6222 (10) similar for sisters, such as childhood socio-economic position, are controlled for) the increased risk of adverse perinatal outcomes would diminish for younger maternal age but strengthen for older maternal age. This is because we hypothesized that the association of young maternal age with adverse perinatal outcomes was strongly confounded by socio-economic position, whereas at older maternal age for first birth socio-economic position might actually mask any association. Our sibling-controlled analysis provided support for this hypothesis. In the siblingcontrolled analysis for preterm birth there was a J-shaped association with risk increasing monotonically from maternal age at first child of 22 years and for SGA there was an almost monotonic association across the whole age range.
Strengths and limitations
The main strength of our study is the very large sample size and possibility of linking women who are sisters. This has enabled us to control for shared familial characteristics, such as childhood socio-economic position, that might confound (exaggerate or mask) any more direct biological or health-related association of age at first birth with adverse perinatal outcomes. Our large sample size also enabled us to examine associations with older, as well as younger, age in more detail than has been examined in previous studies. To our knowledge, only one previous study has used a sister-based approach to examine the likely impact of childhood socio-economic position on associations. 8 The results of that study, 8 conducted in the USA, are broadly consistent with ours for SGA in that the association of young maternal age with low birthweight became non-existent within sister pairs. However, that study was considerably smaller than ours (n ¼ 3500 in total with 785 sister pairs), did not examine associations of older maternal age with outcomes and was not able to examine associations with preterm birth (GA was not available), an important risk factor for adverse short-and long-term health outcomes. 24, [26] [27] [28] A weakness of our study is that we can only assess outcomes that are routinely collected from obstetric records. We have examined the association of maternal age with preterm birth and SGA, both of which are important health outcomes and are used widely in clinical practice, public health surveillance and research as markers of perinatal health. However, it would also be valuable to use the sibling approach to examine associations with other maternal and offspring short-and long-term outcomes that might be related to maternal age. [34] [35] These routine data do not permit exploration of possible mediators of the associations. For example, maternal smoking, adiposity or alcohol might be important mediators between socio-economic position and adverse perinatal outcomes. The increased risk that remains in the sisters-controlled analyses for older maternal age might be explained by poor cardiovascular health in this age group and might also be influenced by diseases resulting in relative infertility and/or by infertility treatment. However, we are unable to further explore any of these possibilities with our data. Nonetheless our findings do point to likely different mechanisms being responsible for the associations at each age extreme.
Our analysis controls for childhood socio-economic position, which will be the same for sisters brought up together but does not necessarily control for adult socio-economic position. While there are strong associations between childhood and adult socio-economic position, there is also social mobility within general populations. 36 At age 418 years pregnant women are likely to still have the same social class as their parents whereas at older ages they are more likely to have changed, but siblings on average change in a similar way to each other. 37 Thus, will control for adult socio-economic position to some extent. If socio-economic circumstances at the time of pregnancy are more important (with respect to confounding) than those in childhood then our sister-control analysis may have only partially controlled for socio-economic confounding. The fact that the sibling control analyses differ from the cohort analyses in the way that we hypothesized (suggesting that the associations with young maternal age were exaggerated by confounding due to socio-economic position, and other characteristics that are identical or very similar in sisters, and the associations with older age are masked by this confounding), provides some evidence that childhood socio-economic position might be the most important confounder in the associations we have examined or that social mobility within sisters in this cohort is similar.
As well as sharing childhood socio-economic position and other familial characteristics, siblings also share 50% of their genetic variation and therefore our sister analyses also controls for biological/genetic characteristics that are shared by siblings. The biological mechanisms that have been proposed for explaining the associations of maternal age with perinatal outcomes are a direct consequence of maternal age. For example, it is proposed that at younger maternal age adverse perinatal outcomes result because the mother conserves energy for her own growth and development rather than that of the foetus. At older age it is proposed that ageing effects ovarian reserve and/or on cardiovascular and metabolic systems affect perinatal outcomes. By definition, two sisters who have their first birth at different ages will be different for these age-related biological mechanisms. Thus, for the associations examined here the sibling method is likely to be valid for comparing the hypothesized roles of childhood socio-economic position with age-related biological effects.
Despite the very large sample size of this study we were not able to examine associations of very young maternal age at first birth with perinatal outcomes and our results should not be generalized to this age group. For example, a recent study that examined all births over a 20-year period in the USA found birth rates to be markedly higher (12.8 per 1000 singleton births) in females aged 10-14 years than in those aged 15-19 years (6.8 per 1000) or 20-24 years (5.5 per 1000). 38 However, it is noteworthy that 20 years of data were required to obtain sufficient numbers of very young mothers for analysis in that study. In most Western populations, births at this very young age are now extremely rare. There were no births to mothers aged <15 years in our Danish registers study (i.e. none between 1979 and 2007 in this country), and in the UK in 2006 there were just 219 live births to women aged <15 years (http:// www.statistics.gov.uk/downloads/theme_population/ FM1_35/FM1_No35.PDF).
The outcomes that we assessed were obtained from routine clinical records and it is possible that there is error in their measurement. However, our cohort analysis in which risk of preterm birth and SGA was increased in women of younger and older age is consistent with a large number of other published studies, and we cannot see any plausible way in which measurement error would be systematic by maternal age in such a way that it reduced within sibling associations in younger women but exaggerated them in older women.
Implications of findings
As noted above, our findings point to different mechanisms being responsible for the associations of young maternal age with adverse perinatal outcomes compared with those of older maternal age with adverse perinatal outcomes. They suggest that a focus on socio-economic inequalities rather than younger maternal age per se might yield greater population benefit, whereas for older maternal age they highlight the need for further research to explore mechanisms and provide couples with greater information to guide their family planning choices. Biological ageing of the ovum and age-related deterioration of the endometrium may both result in poor implantation and thence increased risk of preterm birth and SGA with older age. 20 Furthermore, risk of poor cardiovascular health increases with increasing age, and the risk of hypertensive disorders of pregnancy is greater with greater age at first birth. Hypertensive disorders of pregnancy are, in turn, associated with increased risk of preterm and SGA. 39 Thus, a number of biological mechanisms may increase the risk of preterm birth and SGA with older maternal age.
Interestingly, in an earlier article concerning maternal age and foetal loss adjustment for an induced abortion abolished the increased risk of foetal loss found for teenage women, 17 suggesting that for this adverse perinatal outcome also young age per se was not the main driver of the association. While there is considerable research and media coverage regarding the potential detrimental effects of 'teenage pregnancy', 12 the possible adverse effects of delaying a first birth until older ages is only infrequently discussed in the media or health journals. 16 Most European countries now have a pattern of increasing age at first birth, many have birth rates that are too low to maintain population levels and there is increased demand for infertility treatment, particularly at older ages, when success is lower than at younger ages. 40 Given these facts, and our results, it may be time for public discussion to consider adverse outcomes of older maternal age at birth in more detail.
Conclusion
Our large within-sibling analysis suggests that characteristics that are shared by sisters (including childhood socio-economic position) largely explain the association of young maternal age with increased risk of preterm birth and SGA. The increased risk of older maternal age with these adverse perinatal outcomes is not explained by shared sister characteristics and indeed the magnitude of greater maternal age with these outcomes might be masked by childhood socio-economic position or other characteristics that are similar in sisters. These findings are important since the associations of young maternal age with adverse perinatal outcomes are viewed as a health problem in many countries. However, if this association is largely driven by childhood familial socio-economic position, as our results suggest, then it might be more appropriate to address socio-economic inequalities in perinatal outcomes at all ages. The association of older age with adverse outcomes has not been subject to health policy interventions to the same extent, but at this age it is very unlikely that socio-economic position explains the association. Although our findings cannot show just what the mechanism is for the effect of older age on perinatal outcomes they do highlight the importance of further research in this area so that women/couples who delay their first pregnancy are fully informed about potential consequences and how best to avoid them.
